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Abstract 

Solid dispersions production is one of the substantial approaches for improvement of poor drug 

solubility. Additionally, supercritical fluid assisted method for preparation of solid dispersions can 

offer many advantages in comparison to the conventional melting or solvent-evaporation methods. 

Miscibility analysis provides valuable guidance for selection of the most appropriate polymeric carrier 

for dispersion of the drug of interest. In addition to the increased drug release rate, solid dispersions 

should have proper mechanical attributes in order to be successfully formulated in the final solid 

dosage form such as tablet. Therefore, several pharmaceutical grade polymers have been selected for 

development of BCS Class II drug carvedilol (CARV) solid dispersions. They were compared based 

on behavior in supercritical CO2 and affinity towards CARV calculated from the miscibility analysis. 

By utilization of the supercritical CO2 assisted method, solid dispersions of CARV with the selected 

(co)polymers (polyvinylpyrrolidone(PVP), hydroxypropyl methylcellulose (HPMC), Soluplus
®
 and 

Eudragit
®
) were obtained..  Properties of the prepared CARV-polymer dispersions were observed by 

the polarizing and scanning electron microscopy and analyzed by differential scanning calorimetry and 

Fourier transform infrared  spectroscopy. CARV was additionally characterized by X-ray powder 

diffraction. Furthermore, in vitro dissolution studies and dynamic compaction analysis were performed 

on the selected samples of solid dispersions. Among the studied polymers, PVP and HPMC have been 

identified as polymers with the highest affinity towards CARV, based on the calculated δp values. This 
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has been also confirmed with the highest dissolution efficiency of CARV-PVP and CARV-HPMC 

solid dispersions. Solid state characterization indicated that CARV was dispersed either molecularly, 

or in the amorphous form, depending on interactions with each polymer. Determination of CARV-

PVP and CARV-HPMC mechanical properties revealed that CARV-PVP solid dispersion has superior 

compactibility and tabletability. Therefore, CARV-PVP solid dispersion has been highlighted as the 

most appropriate for the further development of tablets as the final dosage form. Presented study 

provides an example for efficient approach for development of poorly soluble drug solid dispersion 

with satisfactory tableting properties.  

 

Keywords: Carvedilol, supercritical CO2, solid dispersion,  improved dissolution,  tabletability 

 

 

1. Introduction 

 

Solid dispersions facilitate delivery of poorly soluble drugs and are considered to be feasible for 

application by the pharmaceutical industry (Kalepu and Nekkanti, 2015). Considering this, it is 

understandable that a number of marketed products based on the concept of solid dispersions is in 

increase nowadays (Huang and Dai, 2014). Depending on the state of the dispersed drug in the carrier, 

solid dispersions can be amorphous and/or crystalline. Preparation of amorphous dispersions of poorly 

soluble drugs in polymers are considered to be the most viable approach for improvement of drug poor 

solubility and oral absorption issues (Baghel et al., 2016). Increase in drug dissolution rate is attributed 

to enhancement in the wettability and dispersibility (Vo et al., 2013). Drug in the amorphous solid 

dispersion can be dispersed in very small size (molecular, amorphous particle or small crystals) and 

exist in the supersaturated state (Vo et al., 2013). It is expected that solid dispersions containing drug 

in its amorphous form have faster dissolution rates compared to their counterparts with the crystalline 

drug form. Amorphous dispersions are predominantly developed using polymers, both synthetic and 

bio polymers (Taylor and Zografi, 1997) such as polyethylene glycol (PEG) (Bley et al., 2010), 

polymethacrylates (Huang et al., 2006), hydroxypropylmethylcellulose (HPMC) (Kim et al., 2006), 

polyvinylpyrrolidone (PVP) (Sharma and Jain, 2010) or Soluplus
®
 (Kalivoda et al., 2010), which is a 

co-polymer with surfactant properties. More details on the interactions between the dispersed drug and 

the selected polymer can be found elsewhere (Huang and Dai, 2014). Selection of the most suitable 

polymer for dispersion of a poorly soluble drug might present a challenge. Marsac et al. (2006) have 

introduced the importance of assessment of miscibility/solubility of the drug and candidate 

polymer(s). Simple and efficient technique for prediction of the miscibility between the two 

components of amorphous system is comparison of their respective Hansen solubility parameters 

(Hansen, 2007).  
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Solid dispersions can be prepared by the two distinct groups of methods: melting and solvent 

evaporation or by their combination. Hot-melt extrusion is a melting method that can be relatively 

easily adapted for the application in pharmaceutical industry. Its major drawback, as for the other 

melting methods, is the fact that both the drug and the polymer need to be thermostable, as well as 

miscible and compatible at the heating temperature (Vo et al., 2013). Furthermore, the cooling phase 

could introduce instability, i.e. phase separation. It was also reported that amorphous solid dispersions 

prepared by the melting methods have poor flowability and compressibility (Vo et al., 2013) which 

might present challenge in development of solid dosage forms such as tablets. Most of these issues 

may be resolved by applying some of solvent evaporation based methods (e.g. spray drying). Solvent 

evaporation based methods usually require the use of an organic solvent common for the drug and 

polymer such as methanol, ethanol, ethyl acetate, methylene chloride, acetone, or their mixtures with 

water (Hoshino et al., 2007). The main disadvantage of this method is  theimpossibility to evaporate 

the solvent completely, which is important since some of the listed solvents might lead to toxicity 

issues or instability in the solid dispersion upon storage. Also, from the industrial point of view, these 

methods are unfavorable vis-a-vis environment requesting the safety measures during the production. 

Grodowska and Parczewski (2010) have elaborated upon the safety issues regarding the organic 

solvents commonly used in the pharmaceutical industry. Alternative to organic solvents for solid 

dispersions production can be found in the use of supercritical fluids (Potter et al., 2015) among which 

supercritical CO2 (scCO2) stands out due to its non-toxicity, inertness, low surface tension, low price 

and ease of recovery (Tabernero et al., 2012). Unique and tunable properties of scCO2 (density similar 

to liquids, yet the diffusivity and viscosity similar to gases) (Tabernero et al., 2012) allow its versatile 

application as a solvent, antisolvent, extracting or blowing agent. Some of CO2-assisted methods that 

are employed for production of drug-polymer formulations include rapid expansion of supercritical 

solution (RESS), formation of particles from gas saturated solutions (PGSS), supercritical antisolvent 

precipitation (SAS), supercritical fluid extraction of emulsions (SFEE) etc. (Tabernero et al., 2012; 

Won et al., 2005; Gong et al., 2008). Solid dispersions of various drugs have been prepared using 

supercritical CO2, including: itraconazole (Yin et al., 2015), glibenclamide (Tabbakhian et al., 2014), 

tacrolimus (Obaidat et al., 2017), nimodipine (Riekes et al., 2015), etc. It was recently reported that 

scCO2-assisted process for solid dispersion preparation can be performed in a static regime by 

exposure of drug and polymer mixture to the scCO2 without mixing (Potter et al., 2015; Obaidat et al., 

2017). This is a single-step process in which scCO2 promotes mixing of the drug and polymer(s) while 

at the same time acts as a temporary plasticizer (Potter et al., 2015). After the process, CO2 diffuses 

out from the drug-polymer leaving obtained solid dispersion solvent-free (Kazarian and Martirosyan, 

2002). Since there are no potentially toxic residues and waste of the solvent, process with scCO2 is 

considered to be an environmentally friendly and green technique (Kazarian and Martirosyan, 2002). 

Carvedilol (CARV) is a BCS (Biopharmaceutics Classification System) class II drug (Shamma and 

Basha, 2013), with its poor solubility being the limiting factor for dissolution from the dosage form 
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and subsequent absorption. CARV is a drug with the pH dependent solubility, whereby its solubility 

decreases with the increase in pH. Liu et al. (2015) have reported that the effective permeability of 

CARV is the highest in the jejunum. Various (co)polymers have been used to prepare solid dispersions 

of CARV, including povidone (Sharma and Jain, 2010; Lee et al., 2013), HPMC (Shim et al., 2012; 

Garhy et al., 2018), Soluplus
®
 (Shamma and Basha, 2013; Kaljevic et al., 2017) and Eudragit

®
 (Nagy 

et al., 2012) using variety of methods such as solvent evaporation (Sharma and Jain, 2010), freeze and 

spray drying (Shamma and Basha, 2013; Shim et al., 2012), electrospinning(Kaljevic et al., 2017) and 

scCO2-assisted processing (Nagy et al., 2012). Abuzar et al. (2018) have review the potential of scCO2 

assisted processing for enhancement of solubility and bioavailability of poorly soluble drugs. 

The aim of this study was to investigate the potential of selected (co)polymers (povidone, HPMC, 

Eudragit
®
 E-100 and Soluplus

®
) for preparation of CARV solid dispersion assisted by scCO2 process. 

Miscibility/solubility of CARV and selected polymers were used to predict and interpret the obtained 

results of CARV dissolution rate, accompanied by the solid state characterization of the prepared solid 

dispersions, including dynamic compaction analysis. Presented approach is novel and supports the 

scCO2-assisted methods for preparation of poorly soluble drug solid dispersions. Furthermore, there 

are no previous reports on the analysis of compression and compaction properties of solid dispersions 

prepared by the scCO2-assisted method. Concurrent assessment of dissolution and mechanical 

properties of solid dispersions (including construction of compressibility, compactibility and 

tabletability profiles) has been demonstrated as a convenient tool for selection of the most appropriate 

polymer for the development of the solid dispersion that increases dissolution of poorly soluble drug 

in the final solid dosage form.  

2. Materials and methods 

2. 1 Materials 

Materials used in the presented study are: carvedilol (CARV, Ph. Eur. 9.0) and following 

(co)polymers: polyvinylpyrrolidone(PVP, Kollidon
®
 30, BASF, Germany), hydroxypropyl 

methylcellulose (HPMC, Methocel
®
 E5 LV,  Dow

®
, USA), polyvinyl acetate and polyvinyl 

caprolactam copolymer (Soluplus
®
, BASF, Germany) and poly-(N-dimethylaminoethyl methacrylate-

co-methyl methacrylate-co-butyl methacrylate (Eudragit
®
 E-100, Evonik, Germany). Commercial 

carbon dioxide (purity 99%) was supplied by Messer-Tehnogas (Serbia). 

2. 2 Methods 

2. 2. 1 Determination of miscibility between CARV and selected polymers 

Miscibility of CARV and selected polymers was assessed based on the concept of Hansen solubility 

parameters (Meng et al., 2015), whereby small difference in the solubility parameters δt is indicative 

of favorable miscibility between the drug and the polymer. The total solubility parameter δt is a 

reflection of interactions between dispersion forces (δd), polar interactions (δp) and hydrogen bonding 

(δh) of the functional groups, as represented in the following equation: 
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δt
2
=δd

2
+δp

2
+δh

2
(Eq. 1) 

 

According to Greenhalgh et al. (1999) for ∆δt< 7.0 MPa
1/2

, miscibility is likely to occur. 

2. 2. 2 Preparation of solid dispersions by supercritical CO2-assisted method  

Two grams of each polymer-drug mixture  were gently mixed for 2 minutes, using the mortar and the 

pestle, and placed in mesh covered glass vial. Drug to polymer ratio in all mixtures was 0.3:1. The vial 

was set in a high pressure vessel  (volume of 280 mL) of a high pressure unit presented in Figure 1 

(Eurotechnica GmbH, Germany). Uniform heating of the samples was provided by electrical heating 

jacket located around the vessel. After the desired temperature of 100 °C was reached, pressure was 

elevated to 30 MPa. System was kept in a static mode without mixing at desired pressure and 

temperature for 2 hours after which decompression of system was performed with rate of 1.5 

MPa/min. 

For comparison reasons, pure CARV was exposed to high temperature of 100 °C for 2 h (thermally 

treated CARV), and also to scCO2 under the same conditions as polymer-CARV mixtures of 100 °C 

and 30 MPa for 2 h (CARV treated by scCO2) in this equipment. 

 

< Figure 1 > 

2. 2. 3 Scanning electron microscopy (SEM) 

Scanning electron microscope (J.S.M. 840A, JEOL, Tokyo, Japan) was used to visualize the shape and 

surface of the investigated samples. Samples were placed in the microscope holder and images were 

taken at a suitable magnification. 

2. 2. 4 Polarizing microscopy 

Microscopic observations of samples were done under a polarized light microscope Olympus BX 51P 

(Olympus, Japan). Cross-polarization was used to investigate crystallinity of samples. 

2. 2. 5 Differential scanning calorimetry (DSC) studies 

Differential scanning calorimetry (Mettler Toledo GmbH Analytical, Giessen, Germany) was used for 

characterization of the solid state of CARV in the prepared solid dispersions. Test conditions were: 

temperature range 25-200 °C; heating rate 10 °C/min, and flow of pure nitrogen gas 50 ml/min. 

2. 2. 6 Fourier transform infrared (FTIR) spectroscopy 

Fourier transform infrared (FTIR) spectra were obtained using aNicolet iS10 (Thermo Fisher 

Scientific Inc., Madison, WI, USA) spectrometer which was employed to characterize the potential 

interactions between the drug and the polymer in the solid state. The FTIR spectra of samples were 

obtained using an attenuated total reflectance (ATR) accessory in the range of 600 cm
−1

 to 4000 cm
−1

, 

and with a resolution of 2 cm
−1

. 

  2. 2. 7 X-ray powder diffraction 

The pure drug CARV as well as thermally treated CARV and CARV treated with scCO2 were 

examined on an Ital Structure APD 2000 X-ray powder diffractometer using Cu Kα radiation (λ = 
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1.5418 Å) in a range 5 – 45° 2θ with a step-width of 0.02° and a constant counting time of 1 s per step 

in order to check the expected drug amorphisation. 

2. 2. 8 In vitro dissolution studies 

In vitro dissolution studies were carried out in 0.1N HCl (900 mL) at 37 ± 0.5 °C using USP 

dissolution apparatus type II (Erweka DT 600, Hausenstamm, Germany), according to the compendial 

requirements (USP 40-NF 35, 2017) Solid dispersions, each containing 12.5 mg of CARV 

(corresponding to its therapeutic dose), were gently placed in the vessels. Reported CARV solubility 

in the 0.7% HCL (pH 1.45) is 545.1±5.0 µg/mL (Hamed et al., 2016). Since the amount of CARV that 

can be dissolved in the dissolution medium is 39.24 times greater than the amount of drug in the 

samples to be dissolved, sink conditions have been provided. Paddle rotation was 50 rpm, and aliquots 

of dissolution medium were withdrawn for the total period of 3 hours (5, 10, 15, 20, 30, 45, 60, 90, 

120, 150 and 180 minutes). CARV content in dissolution medium was determined by using UV 

spectrophotometer (Evolution 300, Thermo Fisher Scientific, Laughborough, USA) at 285 nm. The 

following dissolution parameters were determined: Q10, which is the amount of Carvedilol (in %) 

released after 10 minutes of the dissolution test; t50 which is the time (in minutes) required for the 

dissolution of 50% of Carvedilol; %DE30, %DE60 and %DE90, which are percentages of dissolution 

efficiencies (DE) after 30, 60 and 90 minutes, respectively. 

2. 2. 9 Dynamic compaction analysis 

Benchtop single-punch Gamlen tablet press (GTP, series D, Gamlen TabletingLtd. Biocity 

Nottingham, UK) was used for dynamic compaction analysis of the investigated materials. Compacts 

(50 mg) were compressed under four different loads in the range from 200 to 500 kg (equivalent to 

69.43 to 173.57 MPa compaction pressure) using 6 mm flat-faced punches without any embossing, 

engraving or bevelled edge at compaction speed of 10 mm/min. The supporting software enabled 

complete visualization of the upper punch position and force in real time. The measured force-

displacement curves were used to calculate: (i) work of compression; (ii) tablet behavior in the 

decompression phase (elastic recovery); (iii) the friction force between lower punch and tablet during 

detachment phase (detachment stress), and (iv) the friction force between die and tablet in the ejection 

process (ejection stress). After ejection, the caliper was used for out-of-die compact thickness 

measurements, while compact hardness and diameter were evaluated using the hardness tester 

(ErwekaTBH 125D, Erweka, Heusenstamm, Germany). Compact tensile strength σ was calculated 

using the Eq. 2: 

        
    

     
(Eq. 2) 

 

where F is the force applied for compact breaking,R is the compact diameter, and t is the out-of-die 

compact thickness. According to the calculated values of solid fraction, tensile strength and 
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compaction pressure, tabletability, compressibility and compactibility profiles of the investigated 

samples were constructed (USP 40-NF 35, 2017). 

Powders’ compressibility was analyzed according to the Heckel equation: 

Eq. 3: 

   
 

   
                  (Eq. 3) 

where D is the relative density of materials, σd is the applied compression pressure, K is the slope 

which is correlated to the plasticity of materials and A is an intercept.  

 

3. Results and discussion 

 

3. 1 Miscibility of CARV and selected polymers 

Values of the total solubility parameter δt and parameters reflecting dispersion forces (δd), polar (δp) 

and hydrogen bonding (δh) interactions of the functional groups for CARV and polymers used in the 

study are represented in Table 1. Values have been obtained from the listed references for CARV and 

Soluplus
®
 (Kaljevic et al., 2017), scCO2 (Williams et al., 2004), PVP (Li et al., 2014), Eudragit

®
 E 100 

(Kitak et al., 2015) and HPMC (Dowwolff Cellulosics, 2018). 

 

< Table 1 > 

 

Differences in the values of total solubility parameters between CARV and selected polymers range 

from 1.2 (for Eudragit
®
 E 100) to 2.9 (for Soluplus

®
). These small differences are in favor of 

miscibility between the drug and each polymer and subsequent preparation of solid dispersions. This 

means that, according to the preliminary investigation, all four investigated polymers would be 

suitable for preparation of CARV solid dispersions. 

In order to further investigate the potential for interactions between different functional groups of 

CARV and polymers, the values for δd, δh and δp for each material were plotted on Figure 2. It is 

expected that materials with similar values for δd, δh and δp form more stable formulations. It is hence 

obvious that the affinity towards dispersive and hydrogen bonding is similar amongst CARV and 

polymers, whereas the potential for polar interactions varies significantly (Figure 2). PVP and HPMC 

have the greatest δp values.  

 

< Figure 2 > 

 

According to the representation in Figure 2, CARV and PVP have the most similar values of δd, δh and 

δp, indicating that, among the selected polymers, PVP has the greatest affinity to form the stable solid 

dispersion with CARV.  
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Another important aspect for the development of supercritical fluid assisted process of solid 

dispersions preparation is the affinity of both drug and selected polymer towards scCO2. In general, 

principle steps involved in the formulation of a solid dispersion from drug-polymer mixture involve: a) 

the generation of a liquid (or rubbery) state via melting or dissolution, b) mixing of the components in 

the liquid state, and c) their subsequent solidification (Potter et al., 2015). It is known that scCO2 has 

the ability to plasticize and swell polymers (such as Soluplus
®
, Eudragit

®
, PVP and HPMC) and 

penetrate their intermolecular spaces (Potter et al., 2015). Another aspect that has been proposed is 

that the greatest degree of drug amorphization in solid dispersion can be achieved when the drug has a 

high affinity for the polymer and at least partial solubility in the scCO2 (Potter et al., 2015). The drug 

should be able to dissolve in CO2 but then partition more favorably into the polymer, resulting in the 

drug being molecularly dispersed in the polymer, which is favorable for both aqueous drug dissolution 

and morphological stability (Potter et al., 2015). Therefore, considering good affinity of CARV to 

selected polymers, relatively small solubility of CARV in scCO2 (1.1×10
−5

–5.0×10
−3

determined after 

3 h static process with shaking at temperatures 35–65 °C and pressures 16–40 MPa) (Shojaeea et al., 

2013), and ability of scCO2 to plasticize amorphous polymers, it can be assumed that selected scCO2-

assisted process is appropriate for CARV solid dispersion production. This assumption is further 

tested. 

 

3. 2 Characterization of the prepared solid dispersions 

 

Solid dispersions of CARV with PVP, HPMC, Eudragit
®
, and Soluplus

®
(co)polymers were obtained 

by static scCO2-assisted process at 30 MPa and 100 ºC for 2 h. Depending on the polymer, obtained 

solid dispersions were in the form of foam (CARV-Eudragit
®
 and CARV-Soluplus

®
), flakes (CARV-

PVP) or rods (CARV-HPMC).  

  3. 2. 1 Scanning electron and polarizing light microscopy studies 

SEM images of the obtained CARV solid dispersions are presented in Figure 3. Compared to SEM 

images of pure polymers previously reported (Obaidat et al., 2017; Kumar and Archana, 2015), it can 

be stated that all polymers went through morphological change upon preparation of solid dispersions. 

Also, since the clearly visible CARV crystals are lacking within the foam-like morphology of CARV-

Eudragit
®
 and CARV-Soluplus

® 
samples,, it can be concluded that the drug is adsorbed and 

homogeneously dispersed in polymers at the molecular level (Obaidat et al., 2017; Potluri et al., 2011).
 

 

 

< Figure 3 > 

 

Polarized light microscopy was used to inspect the presence of crystallinity in prepared samples, and 

the obtained micrographs are represented in Figure 4. Figure 4 demonstrates the lack of crystallinity in 
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CARV-PVP and CARV-Soluplus
®
solid dispersions upon preparation. These amorphous systems are 

complex and may represent solid solutions of the drug in the polymer (i.e. molecular dispersions) or 

dispersions of nano-crystalline drug particles. 

 

< Figure 4 > 

 

It is well known that the dispersed drug often exists in more than one state in solid dispersions i.e. it 

can be dissolved (forming glassy solid solution) and/or suspended in the carrier but also it can exist in 

amorphous and crystalline state at the same time (Vo et al., 2013). The presence of CARV in 

amorphous form in CARV-PVP and CARV-Soluplus
®
 solid dispersions was previously reported 

(Sharma and Jain, 2010; Shamma and Basha, 2013). In the case of solid dispersions prepared using 

Eudragit
® 

and HPMC, some crystallinity is observed for CARV-Eudragit
®
 dispersion, whereas CARV-

HPMC dispersions are completely crystalline (Figure 4). Shim et al. (2012) prepared CARV-HPMC 

and CARV-Eudragit
®
 dispersions with the spray drying method and reported complete loss of 

crystallinity in the solid dispersions. Similarly, Nagy et al. (2012) described amorphous CARV-

Eudragit
®
 solid dispersions prepared by the hot-melt extrusion technology.  

In order to further characterize the samples and investigate the potential for solid state interactions of 

the prepared samples, FTIR, XRD and DSC studies were performed. 

 

3. 2. 2 Fourier transform infrared spectroscopy  

 

FTIR spectra of CARV treated by scCO2 and prepared solid dispersions are represented in Figure 5. 

Upon treatment with scCO2 CARV has retained its distinctive peaks in FTIR spectra, as represented in 

Figure 5a. There was no change in peaks at 3344 cm
-1

 corresponding to the N-H stretching vibration of 

the secondary amine, at 2994 cm
-1

 and 2923 cm
-1 

corresponding to C-H aliphatic stretching (Shamma 

and Basha, 2013). It is known that exposure of the organic compound to the scCO2 may lead to shifts 

in the wavenumbers of maximum absorbance, variations of bandwidths and modifications of 

intensities in the FTIR spectra, due to the antisymmetric vibrations of the carbon dioxide (Morin, 

1999). In the case of CARV treated by scCO2, N–H bending vibration at 1590 cm
-1

 was moderately 

shifted (for 2 cm
-1

) and the intensity of C–O stretching vibration at 1096 cm
-1

 increased.      

Bands at 2955 cm
−1

 and 1654 cm
−1

 in CARV-PVP spectra can be attributed to C–H stretch and C═O 

group, respectively (Obaidat  et al., 2017). CARV-Soluplus
®
solid dispersion spectra has peaks 

characteristic to Soluplus
®
 at 3448 cm

−1
 (O–H stretching), 2927 cm

−1
 (aromatic C–H stretching), 1735 

cm
−1

, 1635 cm
−1

 (C–O stretching), and at 1477 cm
−1

 (C–O–C stretching) (Obaidat et al., 2017). 

Absence of the CARV peaks at 3342.71 cm
-1

 and 1588.14 cm
-1

 in spectra of solid dispersions with 

PVP and Soluplus
®
 is due to intermolecular hydrogen bonding between the N-H group of CARV and 

the carbonyl group of these polymers. Similarly, it was reported that scCO2-assisted process resulted 
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in interaction of ibuprofen, ketoprofen, and tacrolimus with C=O group of PVP (Obaidat et al., 2017; 

Kazarian and Martirosyan, 2002; Manna et al., 2007). Also, Obaidat et al.(2017) reported interaction 

between the O–Cand O–H of tacrolimus with the O–H or C═O of Soluplus
®
. 

Solid dispersions prepared with CARV and HPMC or Eudragit
®
 (Figure 5b) display the peaks and 

bands characteristic to polymers and CARV. Bands characteristic to HPMC were observed at 1069 

cm
−1

 (C-O-C group) at 1651 cm
−1

(C=O of the glucose unit), at 2935 cm
−1

 (C-H stretching), and at 

3443 cm
−1

 (O–H stretching) (Rana et al. 2017). Characteristic CARV peaks can be seen at 3444 and 

1589 cm
-1

 (CARV-HPMC sample) and 3343 and 1589 cm
-1

 (CARV-Eudragit
®
 sample). Lack of 

intermolecular interaction between CARV and these two polymers is also evident from the crystal 

forms observed by polarizing microscopy studies (Figure 4). When Gong et al. (2008) prepared 

indomethacin-HPMC solid dispersion at 17.2 MPa and 130 °C they reported interaction between the 

carboxylic acid carbonyl group of indomethacin and hydroxyl group of HPMC. 

Shim et al. (2012) reported that CARV solid dispersions, prepared with Eudragit
®
 or HPMC by the 

spray drying method, lack the distinctive CARV peaks, which is indicative of the influence of the 

method of preparation on the interactions between the drug and polymer.  

< Figure 5 > 

  3. 2. 3 X-ray powder diffractometry 

 

X-ray powder diffractometry (XRD) was used for solid state characterization of pure CARV, CARV 

thermally treated at 100 °C for 2 h, and CARV treated with scCO2 at 100 °C and 30 MPa for 2 h to 

trace any change in the crystalline state of the drug. The XRD diffractograms are shown in Figure 6. 

Thermally treated CARV demonstrates almost unchanged XRD pattern, compared to the pure drug, 

since three strongest reflections were found at 5.88, 17.58 and 18.48° of 2θ for pure CARV and 5.93, 

17.60 and 18.51° of 2θ for thermally treated one showing crystalline nature of these CARV samples 

(Essa,  2015; Potluri et al. 2011). On the other hand, the absence of clearly visible peaks on pattern of 

CARV treated by scCO2 confirmed the indicated amorphisation. Since the most of the strongest 

reflections of crystalline CARV are situated between 15 and 25° 2θ, it is expected that the broad 

“peak” of amorphous CARV is within this region. Therefore, it has been proved that CARV loses its 

crystalline form upon exposure to the scCO2.  

 

< Figure 6 > 

 

  3. 2. 4 Differential scanning calorimetry 

 

Pure CARV has a distinctive melting peak at 120.5°C (Figure 7a), whereas CARV treated by scCO2 

undergoes one endothermal transition at 48°C and another one at 114.5°C, with the latter one having 

significantly lower enthalpy in comparison to the pure (crystalline) CARV. The absence of the sharp 
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melting endotherm, in the case of CARV treated by scCO2, is indicative of the positive effect of this 

processing technique on conversion of poorly soluble CARV from crystalline to amorphous state 

already shown by XRD analysis (Figure 6). 

None of the prepared CARV solid dispersions displayed distinct thermal event in the range of CARV 

melting point (Figure 7b). Solid dispersions showed only the existence of endothermic peaks 

characteristic to the pure polymers. Namely, broad endothermic peak ranging from 50 to 150 ºC in 

DSC thermorgam of CARV-PVP (Figure 7b) corresponds to endothermic peak of pure PVP (Sharma 

and Jain, 2010; Obaidat et al., 2017). It can be related to the loss of water present in the sample due to 

the extremely hygroscopic nature of PVP. Broad endothermic peak ranging from 50 to 115 ºC in DSC 

thermorgam of CARV-HPMC (Figure 7b) corresponds to the endothermic peak of the pure HPMC 

and can be also related to the loss of water (Obaidat et al., 2017). Endothermic peaks around 55 ºC in 

DSC thermorgams of CARV-Soluplus
®
 and CARV-Eudragit

®
 dispersions (Figure 7b) can be related 

to the glass transition temperature of the pure Soluplus
®
 and Eudragit

®
 (Obaidat et al., 2017). Absence 

of CARV peaks in solid dispersions was expected and can be attributed to change of CARV form from 

crystalline to amorphous as well as to the great miscibility of CARV and selected polymers. The 

obtained results are in agreement with the previously published findings (Sharma and Jain, 2010; Shim 

et al., 2012). Affinity of CARV towards polymers, in terms of increased miscibility, rises with the 

increase in temperature, which occurs during the heating cycle of DSC measurement, and results in the 

absence of evidence of its crystallinity. But, these results should be interpreted with precaution, 

because upon cooling samples can retain their crystalline form, as represented through polarized 

microscopy studies (Figure 4). 

 

< Figure 7 > 

 

  

3. 2. 5 In vitro dissolution studies 

 

Dissolution profiles of pure and CARV treated by scCO2 and prepared solid dispersions are presented 

in Figure 8. Plotted values represent arithmetic means of triplicates; the error bars represent the 

standard deviation of the mean. It can be seen that the dissolution rate of CARV has improved upon 

treatment by scCO2, approximately two-fold for the three hours of the dissolution study. Furthermore, 

each of the selected polymers has additionally improved CARV dissolution rate. The fastest CARV 

release rate was achieved with solid dispersions prepared using PVP or HPMC, with more than 80% 

of CARV being released after 10 minutes in the case of both samples.     

    

< Figure 8 > 
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< Table 2 > 

 

Gong et al. (2008) reported that Indomethacin-HPMC solid dispersion prepared by scCO2-assisted 

process increased drug dissolution by 100% in 5 h of dissolution test. Manna et al. (2007) reported 

increased dissolution of ketoprofen when impregnated in PVP using scCO2 at 19 MPa and 50 °C up to 

5 days. They reported Q10 to be 67% and t50 to be 7 min. 

 

 

3. 2. 6 Dynamic compaction analysis 

 

Since the highest dissolution efficiency and the fastest CARV release rate has been accomplished by 

the solid dispersions prepared with PVP or HPMC, these solid dispersions have been selected for 

further studies, i.e. for determination of their mechanical properties. These two polymers were already 

been recognized for their suitability to increase the poorly soluble drug release rate. However, none of 

the previously published studies have compared the mechanical properties of e PVP or HPMC solid 

dispersions prepared with the supercritical fluid assisted method. Grymonpre et al. (2016) have 

demonstrated that hot-melt extrusion method, used for the processing of solid dispersions, may impact 

the tableting behavior of polyvinyl alcohol formulations. Materials were deforming more elastically, 

which may lead to problems during the decompression and ejection phase of the tableting process. On 

the other hand, the same authors have demonstrated that the hot-melt extrusion processing of solid 

dispersions prepared with Soluplus
®
, Kollidon

®
 VA 64 or Eudragit

®
 EPO have had favorable tableting 

properties (Grymonpre et al., 2017). Negative impact of the hot-melt extrusion processing on the 

tableting properties of solid dispersions have also been reported by Boersen et al. (2014), Iyer et al. 

(2013) and Agrawal et al. (2013). Similar findings have been reported for the spray-dried solid 

dispersions (Iyer et al., 2013; Agrawal et al., 2013). These findings are indicative of the necessity to 

evaluate different method that will allow preparation of solid dispersion with properties that are of 

significance for the tableting. Mechanical properties of CARV-PVP and CARV-HPMC samples 

obtained by scCO2-assisted method were analyzed in terms of assessment of their compressibility, 

compactibility and tabletability. Obtained results are presented in Figures 9 and 10 where plotted 

values are calculated from measurements of triplicates (the error bars represent the standard deviation 

of the mean). Effect of compression (including elastic work), detachment, and ejection stresses were 

also analyzed and presented in Figure 11.Figure 9a represents compressibility profiles for CARV-PVP 

and CARV-HPMC samples. Solid fraction of 0.85 was achieved with compression pressure of 128 

MPa (CARV-PVP) and 131 MPa (CARV-HPMC). These compression pressures are in the range of 

recommended values for the compressible materials (McCormick, 2015) that provide 0.85 solid 

fractions of typical pharmaceutical compacts (Hancock et al., 2003). The studied materials are of 

similar compressibility and deform plastically. Slope of the Heckel equation, as represented in Figure 
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9b, is slightly lower in the case of CARV-PVP sample compared to CARV-HPMC sample, which 

means that the inverse value, i.e. yield pressure is higher (144.93 MPa for CARV-PVP vs 103.09 MPa 

for CARV-HPMC samples). Due to the higher plasticity of CARV-PVP solid dispersion, it can be 

expected that alsoit will have higher compactibility and tabletability. 

 

< Figure 9 > 

 

Tabletability and compactibility profiles in Figure 10 confirm this assumption and the superiority of 

CARV-PVP solid dispersion. Regardless of the applied compression pressure, and the obtained solid 

fraction, tensile strength of CARV-HPMC samples never exceeded 2 MPa which is recommended for 

compacts of 6 mm, prepared under the load of 500 kg. Due to inferior compactibility and tabletability, 

CARV-HPMC solid dispersion would present greater challenge for formulation of tablets as the final 

dosage form, in comparison to CARV-PVP. One of the reasons for different compaction properties of 

CARV-PVP and CARV-HPMC solid dispersion could be found in difference in the dispersions 

particles shape (Figure 3c and 3d). CARV-PVP solid dispersion particles have flake-like shape with 

higher surface area in comparison to the CARV-HPMC particles which have irregular, rod-like shape. 

Due to the larger available surface, stronger interparticulate bonds can be formed in the case of 

CARV-PVP solid dispersion. Sebhatu and Alderborn (1999) have demonstrated that higher surface 

area (due to the smaller size and differences in the particles surface) may lead to the higher tensile 

strength of tablets. But, the relationship between the surface area and tablets tensile strength is more 

complex and depends also on the bonding mechanism (Nyström et al., 1993). Greater compactibility 

of CARV-PVP solid dispersion is also reflected in higher detachment and ejection stresses for all of 

the applied compression pressures (Figure 11). Since the tablets of higher tensile strength were 

prepared, it required greater stresses to detach and eject them from the punch-die assembly. It has been 

recommended that the ejection stresses should be lower than 3 MPa in order to prevent capping or 

lamination upon completion of the tableting process (Pitt et al., 2015). Values lower than 5 MPa are 

acceptable only if tablets are not exposed to extensive mechanical stress, such as in film-coating (Pitt 

et al., 2015). Low values of both detachment and ejection stresses for CARV-HPMC samples are 

indicative of low tendency towards sticking and lamination during tableting of these formulations. In 

the case of CARV-PVP solid dispersion, favorable tableting properties were also obtained for the 

studied range of compression pressures. Somewhat higher ejection and detachment stresses have been 

noted for the CARV-PVP samples compressed at 400 and 500 kg pressure, 3.79 MPa ejection stress 

for the sample compressed at 400 kg and 4.44 MPa detachment stress for the sample compressed at 

500 kg, respectively. However, these values are still within the recommended range. Since the CARV-

PVP solid dispersion demonstrated high compactibility and tabletability, tablets of sufficient tensile 

strength can be made with lower compression pressures. Therefore, CARV-PVP solid dispersions 
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prepared with scCO2 assisted method are of satisfactory compressibility, compactibility and 

tabletability; and no tableting issues are to be expected in the case of tableting of thissolid dispersion. 

 

< Figure 10 > 

 

< Figure 11 > 

 

4. Conclusion 

 

The obtained results suggest that the nature of the interactions between the drug and polymer 

predominantly affect the potential for improvement in the dissolution rate. As represented in the case 

of poorly soluble drug CARV, it was concluded that PVP and HPMC, as polymers with δp values 

similar to δp value of CARV, have great potential to improve CARV dissolution rate in the polar 

medium. 

It has been demonstrated that the analysis of miscibility parameters provides reliable tool for selection 

of candidate polymers for development of solid dispersions with improved dissolution properties, in 

comparison to the pure poorly soluble drug CARV.  

It was shown that the treatment of CARV with scCO2 provides amorphisation and increase of CARV 

release rate. Furthermore, scCO2 assisted method was successfully used forpreparation of CARV solid 

dispersions with PVP, HPMC, Soluplus
®
 and Eudragit

®
 that increased drug dissolution rate. This 

finding reveals the possibilities for development of single step and environment-friendly methods for 

production of solid dispersions. In the case of CARV-PVP solid dispersions, superior dissolution 

properties over the solid dispersions prepared by the solvent-evaporation method have been 

demonstrated. Information of CARV-polymer properties after scCO2-assisted process, as well as its 

effect on CARV dissolution, are important since they provide further stimulus for application of the 

ecological method of processing in the pharmaceutical industry. 

Dynamic compaction analysis has been recognized as a convenient tool for early selection of the 

formulations with the appropriate properties for the tableting. It has been demonstrated that CARV-

PVP and CARV-HPMC solid dispersions have similar compressibility, but, due to the superior 

compactibility and tabletability, CARV-PVP solid dispersions has been selected as the most 

appropriate for the further development of tablets as the final dosage form. These are additional 

beneficial findings in the favor of scCO2 method for the preparation of solid dispersions, because it has 

been proved that this technology enables production of the poorly soluble drug solid dispersions with 

the satisfactory dissolution and tableting properties. This substantially facilitates further development 

of the formulation and the processing method for the final dosage form. 
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Figure 1. Schematic presentation of the high pressure unit
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Figure 2. Representation of δd, δh and δp for each material
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Figure 3. SEM images of CARV solid dispersion with: a) Soluplus® , b) Eudragit® , c) PVP and d) HPMC
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Figure 4. Polarized light microscopies of solid dispersions of CARV and a) PVP (no crystallinity), b) 

Soluplus® (no crystallinity), c) Eudragit® (some crystallinity observed) and d) HPMC (crystals observed). 

Magnification used was 100 x (scale bar = 200 µm)



  

24 
 

 

Figure 5. FTIR spectra of (a) pure CARV and CARV treated by scCO2, (b) prepared physical mixtures (PM) 

and solid dispersions (SD) and (c) prepared solid dispersions and CARV treated by scCO2
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Figure 6. X-Ray diffractograms of pure, thermally treated and CARV treated by scCO2
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Figure 7. DSC thermograms of (a) pure CARV and CARV treated by scCO2, (b) prepared solid dispersions
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Figure 8. Dissolution profiles of pure and CARV treated by scCO2 and prepared solid dispersions
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Figure 9. Effect of compression pressure on CARV-PVP and CARV-HPMC solid dispersions: (a) 

Compressibility profiles and (b) Heckel plots
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Figure 10. Tabletability (compression pressure vs tensile strength) and compactibility profiles (solid 

fraction vs tensile strength) of CARV-PVP and CARV-HPMC solid dispersions
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Figure 11. Comparison of detachment and ejection stress measured during the compaction of CARV-

PVP and CARV-HPMC solid dispersions 
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Table 1. Solubility parameters of materials used in the study 

Compound δd(MPa
1/2

) δp(MPa
1/2

) δh(MPa
1/2

) δt(MPa
1/2

) Δδt(MPa
1/2

) 

CARV 19.5 7.6 7.6 22.3 - 

PVP 18.8 13.4 7.5 24.3 2 

Soluplus
®
 17.4 0.3 8.6 19.4 2.9 

HPMC 16.95 13.7 9.04 23.59 1.29 

Eudragit
®
 E 100 18.01 3.64 10.38 21.1 1.2 

scCO2 15.6 5.2 5.8 17.4 4.9 

 

Table 2. Dissolution parameters of pure and treated Carvedilol and prepared solid dispersions 

Sample Q10 (%) t50 (min) %DE30 %DE60 %DE90 

Pure CARV 18.32 ± 9.98 > 180 20.19 27.25 31.23 

CARV treated by scCO2 34.84 ± 8.93 21.86 36.87 48.38 55.08 

CARV-PVP  103.54 ± 4.27 3.62 85.93 93.17 95.72 

CARV-HPMC  84.02 ± 8.62 6.37 75.87 88.63 93.12 

CARV-Soluplus  41.39 ± 1.83 11.83 51.37 71.57 79.29 

CARV-Eudragit 58.70 ± 0.59 6.04 56.80 67.02 71.51 
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